This study investigates bipolar and nonpolar resistive-switching of HfO 2 with various metal electrodes. Supported by convincing physical and electrical evidence, it is our contention that the composition of conducting filaments in HfO 2 strongly depends upon the metal electrodes. Nonpolar resistive-switching with the Ni electrode is attributed to the migration of metal cations and the corresponding electrochemical metallization. Conversely, oxygen-deficient filaments induced by anion migration are responsible for bipolar resistive-switching. It was also found that the characteristic nature of the conducting filaments influences many aspects of switching characteristics, including the switching power, cycling variations, and retention at elevated temperatures.
I. INTRODUCTION
Resistive-switching random access memory (RRAM), based on the resistance change of transition metal oxides (TMOs), such as NiO, TiO 2 , CuO, HfO 2 , ZrO 2 , etc., has been attracting increased attention in recent years as the next-generation nonvolatile memory, due to its low-power operation, fast switching speed, and high density integration. 1 Among the various TMOs, HfO 2 has been adopted as the gate dielectric in advanced Si devices. For this reason, it is advantageous to develop an HfO 2 -based RRAM technology to leverage its compatibility with Si. Meanwhile, it has been shown that the properties of resistive-switching (RS) depend strongly upon the metal electrodes in ZrO 2 , NiO, and TiO 2 RRAMs. [2] [3] [4] For example, the interfacial reaction between the metal electrode and TMO may have either a favorable or an adverse influence on the properties of RS. 2, 3 Moreover, cation migration from metal electrodes plays a significant role in RS through the effect of electrochemical metallization. 5 In the previous literature, the promising RS properties of HfO 2 with metal electrodes of Pt, Ru, Ti, and Cu have been reported. [6] [7] [8] [9] However, a systematic investigation of the effects of metal electrodes in HfO 2 RRAM, which would be important both scientifically and technologically, has not yet been carried out.
In this study, the RS properties of HfO 2 with various metal electrodes including TiN/Ti, Ta, Pt, Cu, and Ni have been investigated. Whether the RS is bipolar or nonpolar strongly depends on the metal electrodes. However, existing models based on the free energy of interfacial oxide formation 3 or the metal work function 4 are insufficient to completely explain the results. Instead, the electrode-dependent RS has been attributed to the composition of the filaments in HfO 2 . Oxygen-deficient filaments due to anion migration are responsible for bipolar RS, while the metallic filaments by cation migration lead to nonpolar RS. The formation of Ni filaments is of particular interest because stable nonpolar RS through Ni migration has not yet been reported, although Ni is generally regarded as an electrochemically active material with relatively high diffusivity. 10 This model is well supported by energy dispersive x-ray spectroscopy (EDX), backside secondary ion mass spectrometry (SIMS), and temperature dependence of resistance at low resistance state (LRS). The proposed backside SIMS method is particularly useful for the characterization of cation migration from the top electrode in RRAM, without the artificial knock-on effect of conventional front-side SIMS. 11 Finally, we discuss the implications that the composition of the filaments has for low-power RRAM with reduced switching variations and the stability of LRS at elevated temperatures.
II. EXPERIMENTAL PROCEDURES
Heavily doped p þ -Si substrates with resistivity of 0.001-0.005 X cm were used as the bottom electrodes. After a rapid thermal oxidation at 500 C for 10 s in ambient O 2 , 50 nm HfO 2 thin films were deposited by metal organic chemical vapor deposition (MOCVD) at 500 C using Hf(OtBu) 2 (mmp) 2 and O 2 as precursors, unless otherwise mentioned. The x-ray diffraction analysis shown in Fig. 1 reveals the as-deposited HfO 2 to be polycrystalline with a monoclinic structure. The transmission electron microscopy (TEM) image in the inset of Fig. 1 À7 Torr, deposition pressure was 5 mTorr, Ar flow rate was 100 sccm, and DC sputtering power was 1000 W. TiN was reactively sputtered in the N 2 /Ar gas mixture. The deposition rates ranged from 1 Å /s to 2 Å /s depending on the materials where Å means Å ngström. The base pressure and deposition rate for the Pt evaporation were 1 Â 10 À6 Torr and 0.2 Å /s, respectively. The top electrodes (TE) with an area of 100 lm Â 100 lm were patterned by either standard photolithography or a shadow mask process. All electrical characterization was performed using an Agilent 4156B semiconductor parameter analyzer by applying voltage to the TEs while the p þ -Si substrates (bottom electrodes) were grounded.
III. RESULTS AND DISCUSSION
A. Typical characteristics of resistive-switching in HfO 2 For RS to occur, a one-time-only forming step by applying an electric field of approximately 5 MV/cm across HfO 2 was necessary. In Fig. 2(a) , devices with the TiN/Ti, Ta, and Pt TEs all showed bipolar RS with positive SET voltages (V SET ) and negative RESET voltages (V RESET ), independent of the polarity of the forming voltage (V FORM ). Those with the Cu and Ni TEs exhibited similar bipolar RS properties with negative V FORM , but different nonpolar RS with positive V FORM , as shown in Fig. 2(b) . In the nonpolar mode, SET and RESET can be accomplished by any polarity of V SET and V RESET , i.e., both bipolar and unipolar RS coexist. The unipolar RS mode is completely absent in those with the TiN/Ti, Ta, and Pt TEs. The RS properties reported here were reproducible with at least several dozen cycles of continuous voltage sweeps, and showed no signs of degradation after several months. The only exceptions were the bipolar RS with the Cu and Ni TEs and negative V FORM , which quickly transformed into the nonpolar mode after only a few switching cycles with positive V SET . Figure 3 depicts the typical bipolar RS with the TiN/Ti TE under repeated DC cycling. Considerable variations in the characteristics of RS similar to those widely reported in other RRAMs are clearly seen. 
B. Mechanism of bipolar resistive-switching
Ti and Ta are known for their low standard free energy of formation of oxides, i.e., they tend to react easily with oxygen atoms in TMOs. 3 Alternatively, Ni, Cu, and Pt have a high free energy of formation of oxides. Ni and Cu are also known for their high diffusivity which makes electrochemical metallization possible. 9, 10 Although the distinctive nature of metal electrodes may influence bipolar RS to some extent, a dominant switching mechanism independent of the TEs such as the bulk RS of HfO 2 films must exist to explain the similarities among samples with various TEs in Figs. 2(a) and 4(a). Figure 5 shows the EDX depth profile of the atomic percentage ratio of oxygen over hafnium, O/Hf, in the bulk HfO 2 film before and after positive forming in a TiN/Ti/ HfO 2 /Si stack. An HfO 2 thickness of 100 nm instead of 50 nm was chosen to improve the spatial resolution in the EDX depth profiling. The O/Hf ratio in the device prior to forming was approximately 2.1, in good agreement with the ideal value of 2 for stoichiometric HfO 2 , except for the region close to the Si bottom electrode. The lower oxygen content toward Si was likely induced by the formation of interfacial oxide at the HfO 2 /Si interface during the HfO 2 deposition. 12 After forming, the O/Hf ratio decreased dramatically throughout the bulk of HfO 2 , owing to the migration of oxygen anions toward the TE. This was also confirmed by the observation of gas bubbles at the TE due to the evolution of excess oxygen gas at the anode. 5 It is well-accepted that the oxygen-deficient TMO tends to form conducting filaments containing oxygen vacancies. 5 The migration of oxygen anions driven by the opposite electric field at V SET and V RE-SET leads to the connection and rupture of local filaments and results in substantial resistance change. 13 Note that the bipolar RS independent of the TEs reported here was significantly different from that dominated by the interfacial reaction between TEs and TMOs, for example Ti/ZrO 2 in Ref. 2 and TiN/Ti/HfO 2 in Ref. 8 . V SET (10 V versus 1 V) and V RESET (À 4 V versus À 1 V) were much greater in our devices, suggesting that the connections/ruptures of local filaments more likely occurred in the bulk HfO 2 rather than at the thin interfacial layer. The discrepancy may be due to the stoichiometric and highly crystalline HfO 2 deposited by high-temperature MOCVD, which was unfavorable to the interfacial reaction with other metals.
C. Mechanism of nonpolar resistive-switching
In contrast, devices with the Cu and Ni TEs and positive V FORM exhibited nonpolar RS distinct from the bulk RS of HfO 2 films. Cu and Ni are electrochemically active metals which are easily oxidized and reduced. They also diffuse relatively quickly in oxides. Ionic Cu diffusion and RS through electrochemical metallization have been widely reported in various oxides including SiO 2 etc. It has also been reported that Ni diffuses from the TE into the NiO films and significantly degrades the reliability of NiO RRAM. 10 However, stable RS has not yet been explored based on the electrochemical metallization of Ni. It is worth noting that the nonpolar Ni/HfO 2 /Si RRAM can be directly implemented in advanced CMOS logic technology without employing any exotic material. This is highly attractive for embedded nonvolatile memory. Under positive V FORM , Ni cations dissolved from the anode (TE) migrate through HfO 2 and reduce at the cathode to form Ni filaments. Because metal filaments are distributed randomly across the device with physical size typically on the order of nanometers, the direct imaging of filaments using TEM is very challenging and remains under investigation. To prove the existence of Ni filaments in HfO 2 , traces of Ni content in HfO 2 were analyzed by SIMS. However, the conventional front-side SIMS profiling from the Ni TE into HfO 2 resulted in significant Ni contamination in HfO 2 .
11 The artificial knock-on effect completely masked the very low Ni signal in the filaments. We propose backside SIMS as a good alternative to reduce the memory effect from the top layer when studying the nanoscale filaments. In this study, this was carried out by first polishing the Si substrate to a thickness of less than 1 lm, followed by the backside profiling utilizing 8 keV O þ 2 primary ions to avoid the possible Ni knock-on. 17 ,18 Figure 6 shows the backside SIMS profiles of Hf, O, and Ni in a Ni/HfO 2 /Si stack before and after forming. Substantial Ni migration from the TE into the HfO 2 layer after forming is clearly seen while the oxygen profile remains unchanged, supporting the formation of Ni filaments. The number and/or the size of filaments decreased toward the Si, where the background Ni concentration of 10 16 cm À3 was limited by the sensitivity of SIMS. The nonpolar RS is explained by the popular Joule heating model. 5 Current-induced local high temperatures may dissolve and finally rupture filaments, independent of the direction of current flow. The applied V SET once again induced the migration of metal cations and reconnected ruptured filaments.
D. Activation energy of filament formation
Despite the different composition of filaments, the initial forming required similar electric fields of 5 MV/cm for the HfO 2 thickness of 10-50 nm, independent of the TEs. This is explained by a two-step forming model, similar to the popular dielectric breakdown model. [19] [20] [21] At large applied voltage, substantial defects were randomly generated inside HfO 2 . This so-called "wear out" stage has been ascribed by various mechanisms such as anode hole injection, hydrogen release, and thermochemical reaction in the conventional oxide breakdown theory. 19 These different mechanisms are closely related to the intrinsic dielectric properties, but less influenced by the choice of the electrodes. Regardless of the origin of defect generation, the accumulation of defects finally formed percolation paths which greatly increased the local conductivity in the insulating HfO 2 at the onset of the forming voltage. Despite the similarity in the forming voltage, the post-forming characteristics were largely determined by the sequential "thermal runaway" process, representing the sharp current increase after the onset of forming. The conductive filaments were formed by the substantial structural modification in HfO 2 , as a result of the positive feedback between Joule heating and the accompanying electrochemical reaction/ion migration at the percolation paths. 20, 21 Both the electrochemical redox reaction and the ion migration in oxides are thermally activated processes driven by applied potential. The rate of filament formation, r, is approximated by the Arrhenius law according to
where r 0 is the material-dependent pre-exponential factor, V app is the applied voltage, a is the voltage acceleration factor, k B is the Boltzmann constant, T is the local absolute temperature governed by Joule heating, and E A is the activation energy of filament formation determined by the rate-limiting process. The Cu reduction at the cathode was reported to be the rate-limiting process in a Cu-SiO 2 -based RRAM. 22 The rate-limiting process and the values of activation energy may differ among various material systems, and remain under investigation in our HfO 2 RRAM. To a first approximation and because V app was similar for all samples with various TEs at forming, it is believed that the formation of Cu and Ni filaments required a lower activation energy than the formation of oxygen-deficient filaments. Although the forming electric field and compliance current were comparable for samples with different TEs, the forming energy may vary greatly due to the different time-to-compliance, especially when approaching the "thermal runaway" stage with high current. Note that the DC forming curves with different TEs were alike because this transient was too fast to be observed in the slow DC voltage-sweep measurement. Because of the lower activation energy, the formation of Cu and Ni filaments took place earlier at lower applied energy. Once the filaments were formed, the applied voltage was immediately reduced to maintain the compliance current. Hence, the insufficient energy prevented the formation of oxygen-deficient filaments in the Cu and Ni TE samples, as is evident in the above backside-SIMS analysis. In contrast, only the formation of oxygen-deficient filaments was feasible for those with other TEs. The lower activation energy of Ni and Cu filaments also explains the lower switching voltage compared to that of the bipolar RS with other TEs which is important for future low-power RRAM.
E. Comparison of nonpolar RS properties with Ni and Cu TEs
Although the nonpolar RS properties with the Ni and Cu TEs were alike, the sample with the Ni TE was more stable under DC cycling as shown in Fig. 7 . V SET with the Cu TE was lower than with the Ni TE and even overlapped with V RESET [see Fig. 4(b) for the statistical distributions]. An insufficient window between V SET and V RESET would occasionally result in undesirable soft errors during switching. The lower V SET suggests less energy was required to form Cu filaments than to form Ni filaments. Moreover, the resistance of the high resistance state (HRS) with the Ni TE was much less than that with the Cu TE. The RESET power applied to individual filaments is proportional to V RESET 2 /R f , where R f is the resistance of an individual filament. Considering the finite size distribution of filaments within the device, a few Ni filaments with the smallest size and the highest R f may not be ruptured at low V RESET and lead to the increased HRS current, whereas most Cu filaments were completely ruptured. This was supported by the distinct conduction mechanisms of HRS according to the double-logarithmic current-voltage curves in Fig. 8 . The HRS current with the Ni TE was dominated by the ohmic conduction, in contrast to the space-charge-limited current (SCLC) 23 of bulk HfO 2 with the Cu TE. The difference was attributed to the higher energy required to rupture the Ni filaments. Moreover, the insufficient Joule heating also kept the remaining Ni filaments inactive at SET. This was evident in Fig. 7(b) by the almost identical HRS current through the same semiconductive Ni filaments under repeated cycling. The resistive-switching only occurred at the other Ni filaments with larger size. This model was further supported by the better stability of LRS resistance (R LRS ) with the Ni TE. The variation of R LRS was caused by the percolation process at SET when different ruptured filaments were reconnected randomly at each switching cycle. According to the cluster-connected filament model proposed by Lee et al., 24 in the Cu TE sample the negative slope of the low R LRS regime and the positive slope of the high R LRS regime in the V RESET versus R LRS plot [ Fig. 9(a) ] correspond to the connection of the lateral-linked (large) and the single (small) filaments at different switching cycles, respectively. In contrast, the dominant negative slope in Fig. 9(b) agreed that the lateral-linked (large) filament were mainly responsible for the switching in the Ni TE sample. Moreover, the absence of single filaments in addition to the abrupt negative slope for the lateral-linked filaments 24 greatly reduced the variations of R LRS . The nonpolar-switching device may experience soft errors by unipolar RESET after tenths to hundreds of unipolar cycles. As shown in Fig. 10(a) , the device cannot be RESET at positive bias by the maximum 0.1 A supplied by the Agilent 4156B. This was attributed to the very large Ni filaments formed at SET through the random percolation process, as is evident by the increased LRS current. The size of Ni filaments was too large to be RESET unipolarly by Joule heating at 0.1 A current compliance. However, the device had never experienced any hard failure because it can always be RESET bipolarly at negative bias. By applying negative-voltage sweeps several times, the LRS current was first gradually reduced, and finally triggered a bipolar RESET and the recovery of typical unipolar-switching characteristics as shown in Fig. 10(a) . The bipolar RESET was energetically favorable because both the ion migration and Joule heating facilitated the dissolution and rupture of Ni filaments. Figure 10(b) shows that the unipolar-switching device can be operated in a very stable manner using this bipolar recovery scheme. The approaches regulating the size of Ni filaments require further investigation in order to completely eliminate the soft errors.
F. Electrical characterization of different filaments in HfO 2
Electrical characterization is another effective way of probing the properties of elusive nanoscale filaments. To control the comparable size of the filaments, the compliance current at V SET was set to be 100 lA for all results discussed below. Figure 11 (a) depicts the temperature dependence of the LRS resistance. Devices with TiN/Ti TEs show negative temperature dependence, suggesting a transport mechanism related to the charge hopping through oxygen vacancies.
Meanwhile, samples with the Ni TEs showed opposite positive temperature dependence, in agreement with the formation of metallic filaments at LRS. The temperature dependence of resistance in metal filaments may be described as
where R 0 is the resistance at the reference temperature T 0, and a is the temperature coefficient of resistance. An a value of 4.8 Â 10 À3 K À1 and 5.8 Â 10 À3 K À1 extrapolated at 75 C was reported for Ni nanowires with a diameter of 200 nm and bulk Ni films, respectively. 25 The fit of a from Fig. 11 (a) was 6.31 Â 10 À3 K
À1
, close to what was expected for the Ni filaments. Moreover, the composition of filaments may have important implications for the reliability of RRAM. Figure  11 (b) depicts the LRS retention characteristics of devices with the TiN/Ti and Ni TEs after baking 100 min at elevated temperatures. The LRS of samples with the Ni TEs began showing instability above 250 C with notable degradation of the LRS to its HRS. Conversely, the LRS of samples with the TiN/Ti TEs was relatively stable up to 300 C. The energy required to disrupt oxygen vacancies in the oxygendeficient filaments was higher than required to disrupt Ni atoms in the Ni filaments. These results were related to the aforementioned activation energy of the filament formation. Because similar electrochemical reaction and ion migration occurred both at the formation and rupture of filaments in HfO 2 , the activation energy of filament rupture for Ni filaments was also less than that for oxygen-deficient filaments.
IV. CONCLUSION
In summary, we investigated the RS properties of HfO 2 with various metal TEs. The bipolar RS is attributed to the bulk RS of HfO 2 by the migration of oxygen anions, whereas the nonpolar RS with electrochemically active electrodes such as Ni and Cu is the result of the migration of metal cations, electrochemical metallization, and local Joule heating effect. This model is well supported by both physical and electrical evidence, such as EDX, backside SIMS, temperature dependence of the resistance at LRS, and stability of LRS at elevated temperatures.
